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ABSTRACT
Ethanol is a biofuel commonly used in gasoline blends to displace petroleum consumption; its utilization is on the rise in the United States, spurred by the biofuel utilization mandates put in place by the Energy Independence and Security Act of 2007 (EISA). The United States Environmental Protection Agency (EPA) has the statutory responsibility to implement the EISA mandates through the promulgation of the Renewable Fuel Standard. EPA has historically mandated an emissions certification fuel specification that calls for ethanol-free fuel, except for the certification of flex-fuel vehicles. However, since the U.S. gasoline marketplace is now virtually saturated with E10, some organizations have suggested that inclusion of ethanol in emissions certification fuels would be appropriate. The test methodologies and calculations contained in the Code of Federal Regulations for gasoline-fueled vehicles have been developed with the presumption that the certification fuel does not contain ethanol; thus, a number of technical issues would require resolution before such a change could be accomplished. This report makes use of the considerable data gathered during the mid-level blends testing program to investigate one such issue: estimation of non-methane organic gas (NMOG) emissions. The data reported in this paper were gathered from over 600 cold-start Federal Test Procedure (FTP) tests conducted on 68 vehicles representing 21 models from model year 2000 to 2009. Most of the vehicles were certified to the Tier-2 emissions standard, but several older Tier-1 and national low emissions vehicle program (NLEV) vehicles were also included in the study. Exhaust speciation shows that ethanol, acetaldehyde, and formaldehyde dominate the oxygenated species emissions when ethanol is blended into the test fuel. A set of correlations were developed that are derived from the measured non-methane hydrocarbon (NMHC) emissions and the ethanol blend level in the fuel. These correlations were applied to the measured NMHC emissions from the mid-level ethanol blends testing program and the results compared against the measured NMOG emissions. The results show that the composite FTP NMOG emissions estimate has an error of 0.0015 g/mile ±0.0074 for 95% of the test results. Estimates for the individual phases of the FTP are also presented with similar error levels. A limited number of tests conducted using the LA92, US06, and highway fuel economy test cycles show that the FTP correlation also holds reasonably well for these cycles, though the error level relative to the measured NMOG value increases for NMOG emissions less than 0.010 g/mile.
INTRODUCTION
Ethanol is a biofuel commonly used in gasoline blends to displace petroleum consumption. Ethanol utilization is on the rise in the United States, spurred by the biofuel utilization mandates put in place by the Energy Independence and Security Act of 2007 (EISA). The United States Environmental Protection Agency (EPA) has the statutory responsibility to implement the EISA mandates through the promulgation of the Renewable Fuel Standard. EPA may lower the biofuel consumption mandates in the event of insufficient supplies. At the time of enactment of EISA, gasoline blends in the United States were restricted by the Clean Air Act to be less than 10% (E10) for use in non-flex-fuel vehicles. This 10% limit created a potential conflict between the two laws if gasoline consumption was not high enough to enable meeting the EISA consumption targets at a 10% or lower ethanol blend level. This conflict became known as the "blend wall." In response to this impending issue, the United States Department of Energy (DOE) undertook an ethanol mid-level blends testing program to investigate potential impacts on the legacy fleet that might result from increasing the allowable ethanol blend level from 10% to 15% or 20%. The largest effort in the program was a catalyst durability study that showed no significant catalyst degradation associated with aging vehicles using fuels containing 15% ethanol. Accordingly, EPA announced a partial waiver approval in October 2010 that would allow the use of up to 15% ethanol in gasoline (E15) for model year 2007 and newer vehicles, and followed this announcement in January 2011 with another partial waiver that made E15 legal for use in vehicles from model year 2001 through 2006 [1, 2] . As of this writing, a number of other steps have yet to be taken that would make E15 legal for introduction into commerce.
EPA has historically mandated an emissions certification fuel specification that calls for ethanol-free fuel, except for the certification of flex-fuel vehicles. However, since the U.S. gasoline marketplace is now virtually saturated with E10, some organizations have suggested that inclusion of ethanol in emissions certification fuels would be appropriate. The test methodologies and calculations contained in the Code of Federal Regulations (CFR) for gasoline-fueled vehicles have been developed with the presumption that the certification fuel does not contain ethanol; thus, a number of technical issues would require resolution before such a change could be accomplished. This paper makes use of the considerable data gathered during the mid-level blends testing program to investigate one such issue: estimation of non-methane organic gas (NMOG) emissions. EPA has previously allowed manufacturers to estimate NMOG emissions as an alternative to conducting NMOG measurements for every emissions certification test [3] . This approach is not permitted for flex-fuel vehicles when fueled with ethanol, owing to the larger and more variable difference between NMHC and NMOG for these vehicles.
The definitions of regulatory hydrocarbon standards, including that of NMOG, are often confusing. In a typical emissions test, hydrocarbons are measured using a flame ionization detector (FID). The FID provides a measure of the hydrocarbons (HCs) in the sample through measurement of ions produced when the HCs are burned in an ion-free hydrogen and oxygen flame. HC species have differing response factors in the FID, and hence this measurement is usually reported as parts-per-million equivalents of the calibration gas, usually a propane-in-air mixture. EPA terms this quantification of HCs as FIDHC [4] . This measurement is also commonly referred to as total hydrocarbons (THC), although the measurement does not account for the true total. Use of the term THC implies that the HC species have been quantified, then summed to achieve a "total" value. Although the FIDHC measurement has in one sense accomplished this measurement as it does not attempt to separate the species to begin with, no adjustments for the sensitivity of the FID to differing HC species have been made, and thus the term THC can be somewhat misleading. Many FID instruments are also equipped with a catalytic element that is used to eliminate all of the HCs other than methane (CH 4 ), allowing the instrument to have a CH 4 -only measurement capability. This capability allows a rapid determination of the CH 4 emissions following an emissions test. Use of a gas chromatograph equipped with a flame ionization detector is also a commonly used method for relatively rapid characterization of the CH 4 portion of the FIDHC emissions. Both of these methods allow calculation of non-methane hydrocarbons (NMHC) by difference from FIDHC and CH 4 emissions measurements.
NMHC and NMOG emissions are often assumed to be virtually identical, but these two measures of HC emissions are not exactly the same. NMOG and NMHC are often of very similar magnitude, particularly when ethanol-free fuel is used. NMOG characterization begins with the basic measurement of NMHC as outlined above, but NMOG also includes the mass emissions of a number of oxygenated hydrocarbon species (OHC). These species are typically carbonyls and alcohols that can result from combustion of fuels that contain oxygen-bearing species such as ethanol. OHC measurements require the use of additional analytical tools and methods that are beyond the scope of this discussion other than to state that these techniques require a significant period of time to complete and are not typically available rapidly at the conclusion of an emissions test. As mentioned above, these measurements can be expensive and time consuming. Since the OHCs are generally small compared with NMHC for gasoline-fueled vehicles, EPA has traditionally allowed manufacturers to estimate the NMOG emissions by applying a multiplier of 1.04 to the NMHC mass emissions [3] .
NMOG is not simply the arithmetic sum of the NMHC and OHC emissions. The response factors for FIDs to OHCs are variable depending upon the species but are generally less than unity. (Most nonoxygenated species exhibit response factors very close to unity.) The variability in response factors for OHCs is a result of the presence and location of oxygen atoms within the specific molecule. Since the FID has a positive fractional response to OHCs, a portion of the OHC mass emissions has already been measured as a part of FIDHC. It is necessary to account for this fraction during calculation of NMOG to avoid double-counting a portion of the HC mass. EPA provides for this accounting by subtracting fractions of the relevant OHC concentrations from the FIDHC concentration measurement and recalculating NMHC based on the corrected FIDHC concentration measurement. Unfortunately, this approach leads to the definition of NMHC being dependent upon whether or not NMOG speciation was performed [4] . This situation can result in confusion, and thus to resolve this issue the authors introduce the term non-oxygenated, non-methane hydrocarbons (NONMHC) to describe the HC emissions that are made up of FIDHC less the speciated methane and OHC mass emissions. In this way, NMOG is simply the arithmetic sum of NONMHC and OHC emissions, and both NMHC and NONMHC have consistent definitions regardless of whether OHC speciation is performed.
EXPERIMENTAL DATA
As mentioned previously, the data reported herein originated from mid-level ethanol blends tests that were conducted by Southwest Research Institute (SwRI) and Transportation Research Center, Inc. (TRC). The data reported in this paper were gathered from over 600 cold-start Federal Test Procedure (FTP) tests conducted on 68 vehicles representing 21 models from model years 2000 to 2009. Most of the vehicles were certified to the Tier-2 emissions standard, but several older Tier-1 and national low emissions vehicle program (NLEV) vehicles were also included in the study. Table 1 lists the vehicle models and the location at which they were tested. The vehicles were acquired in matched sets of 3 or 4 units, and each vehicle of a set was dedicated to one fuel for aging and emissions testing. This approach helped eliminate unintended differences between vehicles that might impact the emissions data [5] . Emissions tests were conducted at three intervals between which the vehicles were driven a minimum of 25,000 miles (40,225 km). Lubricating oil changes were scheduled so that they did not occur less than 500 miles prior to an emissions test. Vehicles that were dedicated to ethanol-free fuel were only emissions tested on ethanol-free certification fuel, whereas vehicles using aging fuels that contained 10%, 15%, or 20% ethanol were emissions tested using a certification fuel that contained the appropriate ethanol content as well as an ethanol-free certification fuel. At least two replicate FTP tests were conducted for each vehicle, fuel, and mileage combination [5] .
The emissions test fuels were splash-blends of denatured ethanol and emissions certification gasoline. TRC sourced these products from Chevron-Phillips Specialty Chemical Company. SwRI sourced their emissions fuel components from Haltermann Products. Three blend levels were used to conduct tests at TRC: ethanol-free (E0), 15% ethanol by volume (E15), and 20% ethanol by volume (E20). These same blend levels were also used for tests conducted at SwRI, but five vehicle sets at SwRI were also tested using a fuel containing 10% ethanol (E10). Multiple batches of each blend level were used at both test sites because of the scale and logistical limitations of the testing program. Since the emissions fuels were splash-blends, the octane number, distillation, and other properties of the fuels varied according to the amount of ethanol in the blend [5] .
In all cases the exhaust from the vehicle was captured by a constant volume sampling system to enable proportional sampling during transient driving cycles. Ethanol emissions quantification was accomplished through the use of an impinger apparatus to trap the ethanol in the exhaust gas sample, followed by analysis using a gas chromatograph equipped with a flame ionization detector (GCFID). Carbonyls were collected from the exhaust gas sample on dinitrophenylhydrazine (DNPH) cartridges, which were subsequently eluted and analyzed using high performance liquid chromatography (HPLC). Speciation measurements conducted during tests at SwRI were limited to ethanol, formaldehyde, and acetaldehyde. Data collected at TRC included a broader list of compounds, including those measured by SwRI and 13 additional carbonyl compounds. The remaining emissions constituents were measured using standard emissions instrumentation at both sites: photochemiluminescence instruments for NO X and nondispersive infrared instruments for CO and CO 2 .
OHC SPECIATION RESULTS
The emissions test results from both sites showed that NMOG emissions for the FTP cycle were almost entirely produced in bag 1 (the cold transient phase), as expected. Figure 1 shows the average fractionation of oxygenated species in bag 1 determined from the data collected at TRC. The fractionation of OHCs from E0 tests shows that formaldehyde is the most prevalent individual species, followed by acetaldehyde and acetone. Formaldehyde alone accounts for about 35% of the OHCs from E0 operation, but the other species make up sizeable fractions of the OHCs as well. When ethanol is introduced into the fuel, however, the ethanol contribution dominates the overall OHC emissions, contributing over 75% of the total OHC mass emissions. Acetaldehyde becomes the second most prevalent species, with formaldehyde as a third. Acetone and acrolein become much less important contributors, and the remaining species individually have almost negligible impact on the OHC mass emissions. The fractions for the Tier-2 compliant vehicle are very similar to those of the non-Tier 2 vehicles, suggesting that the fractionation is not strongly a function of the emissions standard to which the vehicles were certified. Likewise, the species fractions for the E15 and E20 fuels are similar, suggesting that the presence of ethanol in the fuel is responsible for a large difference compared with ethanol-free fuel, but the level of ethanol blended into the fuel may be of secondary importance. When the test fuel contains ethanol, the data indicates that three species (ethanol, acetaldehyde, and formaldehyde) make up 94% or more of the mass emissions of OHCs. Thus, measurements of these three species should be sufficient, in most cases, to characterize the NMOG mass emissions. Measurements of acetone and acrolein can provide a marginal impact on the measured NMOG mass, but even in bag 1 the average acetone plus acrolein emissions rate is only 0.66 mg/mile. The remaining compounds may have special interest because of their toxicological impacts in the environment but do not contribute significantly to NMOG mass emissions.
The increase in ethanol fraction is due to an increase in the emissions of this compound associated with its inclusion in the fuel. Tests conducted with E0 fuel exhibited very nearly zero ethanol emissions.
Formaldehyde is present at low levels in the exhaust even for tests conducted with E0. Figure 2 shows the bag 1 emissions rate of formaldehyde compared with overall bag 1 NMOG emissions. In general, the formaldehyde emissions from ethanol-blended fuels are on the same order as for ethanol-free fuel, though there is an inconsequential, but statistically significant, increase in formaldehyde associated with ethanolblended fuels [5] . Thus, the decrease in the formaldehyde fraction of total OHCs is due mostly to the increase of other species such as ethanol, not due to large decreases in formaldehyde emissions. Acetaldehyde emissions increased when ethanol was present in the fuel, as expected. The bag 1 acetaldehyde emissions are shown in Figure 3 . It is worthy of note that although the OHC emissions increase when ethanol is added to the fuel, the overall OHC emissions levels remain very low on a mass basis. The relatively high fractional contributions of ethanol, formaldehyde, and acetaldehyde to overall OHC emissions make these three compounds the most important to characterize in order to provide an estimate of the overall NMOG emissions rate. The Tier-2 emissions regulations provide a regulatory standard of 0.018 g/mile for formaldehyde but do not provide a standard for acetaldehyde, though this compound is included in EPA's list of mobile-source air toxic compounds that are produced by mobile sources [6] . These findings in general agree with a recent speciation study conducted at the Massachusetts Institute of Technology (MIT), with the exception that the MIT study did not report formaldehyde emissions [7] . This omission may be due to the use of a gas chromatograph equipped with a flame ionization detector to accomplish the speciation, as formaldehyde has a zero response in FID-based instruments. 
ESTIMATING NMOG EMISSIONS
ESTIMATION PROCEDURE
Since the NMHC mass emission result is typically available just after the completion of an emissions test and is typically similar in magnitude to NMOG, it is a useful starting point for estimating NMOG emissions. This study used an estimation approach based on defining an NMOG/NMHC ratio that was characteristic of each fuel ethanol level, then correlating these ratios with fuel ethanol content. The result of this approach is a scaling factor for NMHC that is dependent on the fuel ethanol content. The NMOG estimate can thus be described according to the following equation:
NMOG EST = (A * ETOH% + B) * NMHC MEAS NMOG EST is the estimate of NMOG mass emission rate, NMHC MEAS is the measured NMHC mass emission rate, and A and B are parameters determined by correlating the NMOG/NMHC ratio with the fuel ethanol content, symbolized by ETOH%. In principle, this approach can be used for each phase (or bag) of the FTP cycle, or other cycles for that matter, provided that there are enough data to support meaningful correlations.
The first step in identifying a correlation to be used for NMOG estimation was determination of the NMOG/NMHC ratios for each fuel. The data for each nominal fuel ethanol level were binned for separate examination. Since several batches of fuel with slightly variant ethanol levels were used during the emissions tests, the data were binned based on the nominal ethanol blend level. The NMOG emissions were plotted versus NMHC emissions for each data group corresponding to a fuel ethanol blend level. The data from the two test sites was analyzed separately to prevent confounding of the results at this stage. Best-fit lines were established for each data set; the slope of each line corresponds to the NMOG/NMHC ratio for a given data group. Once the NMOG/NMHC ratio was determined for each fuel and for both test laboratories, the slopes were used in a regression with ethanol blend level. For this purpose, the average measured ethanol concentration in the fuel was used for each data group. Once again, best-fit lines were established by least-squares regression. These lines represent a correlation that allows determination of the appropriate NMOG/NMHC ratio based upon knowledge of the fuel ethanol blend level. The coefficients A and B as mentioned above are determined from the appropriate best-fit line.
Figures 4 and 5 show the FTP composite NMOG and NMHC for the two test sites. The composite measurements are a weighted combination of the emissions from the three phases of the FTP cycle [4] . A regression was performed for each set of data to produce an NMOG/NMHC ratio. The data for E0 were very linear; data for ethanol blends were also described well using a linear fit but exhibited more variability. Once the NMOG/NMHC ratios were determined for each test site and fuel, these data were then used in a regression based on the nominal fuel ethanol concentrations to establish their sensitivity to the ethanol level in the test fuel. This regression is shown in Figure 6 . The ratios established using data from SwRI were slightly higher than those established using data from TRC. The sensitivity of the NMOG/NMHC ratio to fuel ethanol content is determined by the line of best fit through the data for each site. Additionally, a best-fit line was determined using the data from both sites since there was no scientific basis to exclude the data from either site.
Finally, an equation for estimating NMOG mass emissions from NMHC mass emissions can be completed:
NMOG EST = (%ETOH * 0.0071 + 1.0302) * NMHC In this equation, NMOG EST is the estimated composite NMOG mass emission, %ETOH is the fuel ethanol content in percent, and NMHC is the NMHC composite mass emission determined during the emissions test. Although the data clearly demonstrate a dependence on the ethanol level in the fuel, the multiplier of 0.0071 is relatively small. Even at a 20% blend level, the NMOG/NMHC ratio is dominated by the correlation's constant term, rather than by the coefficient of the fuel ethanol level. Thus, small errors associated with measurements of the fuel ethanol content (or the use of a nominal value rather than a carefully measured analytical result) are not likely to produce large errors in the NMOG mass emissions estimate. It is worth noting that the results from this study affirm that the characteristic NMOG/NMHC ratio for cars tested using an ethanol-free fuel is approximately 1.03, in general agreement with the 1.04 factor currently allowed by EPA.
RESULTS FOR ESTIMATES OF FTP COMPOSITE NMOG EMISSIONS
When the estimation procedure outlined above is used to produce composite NMOG emissions estimates for the FTP tests completed at SwRI and TRC, the results agree reasonably well with the measured NMOG, as shown in Figure 7 . The regression line shown has a slope very close to unity, indicating that the overall trend of the estimate follows that of the measured results quite well. Figure 8 shows that the error in most of the estimates is about 0.001 g/mile. More than 95% of the resulting estimates have errors of 0.0015 ±0.0074 g/mile compared with the measured values. Of course, using only the data from one site to produce a site-specific correlation can improve the estimates for tests conducted at that site. If the site-specific correlations are used, the results show that the error distribution is still centered at 0.001 g/mile. With the site-specific approach, at least 95% of the data from SwRI have errors of 0.0009 ±0.0048 g/mile; at least 95% of the data from TRC have errors of 0.0011 +0.004 to -0.013 g/mile.
Examining the error in the estimate by fuel ethanol level shows that while the errors are generally centered about a value very close to zero the scatter increases with the fuel ethanol content. This trend is shown in Figure 9 . The underlying reason for the scatter in the error values is likely due to a similar distribution in the NMOG/NMHC ratios for these tests. All of the E0 data and all except three results from the E10 tests fall within ±0.005 g/mi of zero. The E15 and E20 data show many results within a similarly-sized error band, but there are a number of outliers, particularly for the E20 fuel. In general, the worst outliers appear to occur for NMOG levels greater than 0.125 g/mile, meaning that these results were associated with older cars not certified to the Tier-2 emissions standards. 41 error results out of 600 exceeded ±0.005 g/mi, and of these, 27 were associated with tests of non-tier 2 vehicles. The remaining 14 occurrences were associated with Tier-2-compliant vehicles, but only 1 of the 14 occurred for a vehicle that was procured new for the program, and this result occurred for an emissions test at the end of full-useful life. It is noteworthy that the high-error condition is not correlated with the odometer mileage for any of the vehicles. 
ESTIMATES FOR INDIVIDUAL PHASES OF THE FTP
Since most of the NMOG emissions produced during an FTP cycle originate from the cold transient phase (or bag 1) of the FTP, it should come as no surprise that the NMOG emissions for bag 1 can be estimated with similar accuracy using the same procedure outlined previously for the composite result. NMOG emissions for bags 2 and 3 (the hot stabilized and hot transient portions of the FTP, respectively) can also be estimated, but they generally have higher levels of scatter in the NMOG/NMHC ratio associated with the low overall NMOG and NMHC emissions that are characteristic of these bags. While the data for bags 1 and 3 show similar trends to the composite data shown above in Figures 4 and 5 , the bag 2 data show a somewhat different sensitivity to the ethanol blend level. Figure 10 shows the bag 2 NMOG/NMHC ratio versus fuel ethanol blend level relationship for tests conducted at SwRI and TRC. There is very little sensitivity to the fuel ethanol content, and considerable scatter in the data. The black line showing the correlation using both the SwRI and TRC data is very nearly a constant regardless of ethanol content. The average NMOG emissions rate for bag 2 was 0.0087 g/mile compared with 0.281 g/mile for bag 1 and 0.0234 g/mile for bag 3. Given the very low NMOG emissions characteristic of bag 2 and the scatter in the data, using a very nearly constant NMOG/NMHC ratio appears to be the best approach for estimating NMOG emissions in bag 2. It is logical to expect that NMOG estimates for bag 2 will be subject to larger error levels relative to the measured result than bags 1 or 3. Table 2 shows the constants for the bag-specific correlations, including both site-specific correlations as well as a correlation using the data from both SwRI and TRC. The constants are used in the same way as discussed above for the composite estimate. The error band containing at least 95% of the results is also presented. 
CORRELATION VALIDATION WITH ADDITIONAL VEHCILES, CYCLES, AND FUELS
Data were collected using two 2009 Honda Odyssey minivans on the FTP and several additional driving cycles. Data from the Odysseys was not used previously in the generation of the NMOG correlations.
One of the vehicles was tested using a certification E0 from the program, whereas the other vehicle used a certification E15 from the program. The additional cycles included the highway fuel economy test (HFET), LA92, and US06; each cycle was conducted in triplicate. These data are insufficient to develop a robust, cycle-specific NMOG correlation for these cycles, but they are useful in examining whether the correlations developed for the FTP are applicable to other driving cycles. Figure 11 shows the Odyssey NMOG emissions from tests conducted at TRC for each cycle. The columns represent the median of the results, while the range bars show the minimum and maximum values. The FTP composite results show good agreement between the measured value and the estimated value for both E0 and E15. The error between the measured median and estimated median for the E15 data is 2.1 mg/mile. In general, the E0 data show good agreement between the measured and estimated values for all of the cycles tested. However, the E15 data begin to show increasing disparity as the overall NMOG level declines for various cycles.
Interestingly, the range bars for the estimate tend to show lower ranges in the estimated NMOG emissions compared to the ranges of the measured NMOG emissions. Since the NMOG estimate is a scalar multiplier of the measured NMHC emissions level, this trend indicates that the OHC measurements, rather than the NMHC measurements, have increasing variability as the overall NMOG level declines. This issue is especially evident in the very low NMOG emissions for the HFET cycle. The root cause of this variability is unknown but might arise from either actual variation in the emissions levels of NMOG compounds from the vehicles or from measurement uncertainties imposed from characterization of emissions at such low levels. Since both the HFET and US06 are executed when the vehicle has a hot catalyst and there is no engine start that can add variability to the emissions, it seems likely that measurement error associated with speciation of the individual NMOG species is a significant component of the NMOG emissions variability. It is encouraging, however, that the NMOG emissions for two vehicles that were not a part of the development of the estimation technique can be estimated with reasonable accuracy both on the FTP as well as other common cycles. Several FTP tests were also conducted at TRC using a retail (pump) E0 and an E20 splash blended from the same retail E0 fuel. The data from these tests were not used in producing the NMOG correlations but are useful to assess whether the correlations are valid for fuels that were not originally used in the study. Two vehicles tested previously during the program were used for these tests: a 2005 Toyota Tundra and a 2009 Honda Civic. Duplicate tests using both E0 and E20 were conducted with both vehicles. Figure 12 shows the estimated and measured composite NMOG emissions. E0 data are shown as black points, with E20 data in red. The E0 data are generally of lower error level than the E20 data as shown by the 1:1 line in the figure. The average error level for the E0 tests was -0.97 mg/mile and was -2.38 mg/mile for the E20 tests. In all eight tests, the estimate was higher than the measured value; this outcome is likely due to the use of the correlation developed using data from both TRC and SwRI. Using the correlation developed with only the TRC data reduces these errors to -0.36 mg/mile for the E0 data and -1. 
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mg/mile for the E20 results. These error levels are consistent with the overall error levels from the program data, indicating that the correlations appear to hold for these non-certification ethanol-blended fuels.
Figure 12.
Comparison of estimated and measured FTP composite NMOG emissions for two vehicles using non-certification fuels.
NMOG MEASUREMENT CONSIDERATIONS
It is important to note that the emissions tests conducted during this study were conducted per the EPA regulations for gasoline-fueled vehicles, not those for flex-fuel vehicles. One aspect of these regulations that may have an impact on the NMOG emissions measurements is that a temperature-controlled exhaust transfer line from the vehicle to the dilution tunnel is not required, and was not used for these tests. Such a transfer line is specified for use when flex-fuel vehicle tests are conducted. The boiling point of acetaldehyde is 21 °C and thus it is not likely that significant loss of acetaldehyde (or formaldehyde, since it boils at a lower temperature) will occur in the transfer line at ambient test cell conditions. However, the boiling point of ethanol is 79 °C, and so it is possible that small amounts of ethanol are lost due to condensation on the transfer line walls during the cold-start portion of the FTP. Since most of the emissions in bag 1 occur during the initial moments of the cycle, it is possible, and perhaps likely, that ethanol adhering to the transfer line surfaces will re-vaporize and be correctly measured as a part of the bag 1 emissions. However, some of the ethanol may remain and be measured as carryover into bag 2 or be lost entirely. While this phenomenon would likely not be a problem at relatively high emissions levels, it may become more significant as regulatory emissions levels decrease. Similarly, small sections of unheated tubing leading from the dilution tunnel system into the impingers used to trap the ethanol in the gas sample may also be a source for error due to condensation or physisorption. If ethanol is introduced in certification fuel, it may be useful to consider new designs for the impinger apparatus to avoid potential ethanol loss or carryover.
Another potential concern is error associated with the measurement of such small quantities of individual OHC species. Measurements of ethanol at substantially less than 1 mg/mile accuracy require exceptionally high fidelity gas chromatography methods. One path towards improvement is through redesign of the impinger itself in order to enable higher sample flow rates without substantially increasing the liquid volume in the impinger. Raising the sample flow rate while holding the liquid volume constant can enable increases in analyte concentration in the impinger liquid, thus improving the analytical accuracy for even very low vehicle emissions levels.
Similar measurement concerns exist for the DNPH analysis of carbonyl species. A study conducted in Japan found that chilling the cartridges during sampling can help with trapping efficiency [8] . Additionally, since acetone is included as a measured NMOG species and is ubiquitous in most analytical chemistry laboratories as a solvent, contamination of the DNPH cartridge during handling and analysis may become a concern. One study has identified O-(4-cyano-2-methoxybenzyl) hydroxyl amine (CNET) as an alternative reagent that has the potential to improve both the trapping and background issues associated with DNPH sampling. This method seems to show promise, but the CNET was found to produce formaldehyde and acetaldehyde in the presence of high levels of NO X [8, 9] . The authors of the CNET study also highlight the potential for acetone contamination during sample handling. Given the overall dominance of ethanol, formaldehyde, and acetaldehyde in the fractionation of the vehicle OHC emissions, the most straightforward solution to potential acetone contamination may be to neglect acetone emissions in the calculation of NMOG emissions.
CONCLUSIONS
• The NMOG/NMHC ratio that is characteristic of emissions from ethanol-blended fuels is a function of the ethanol blend level in the fuel; the NMOG/NMHC ratio for ethanol-blended fuels is in excess of the 1.04 factor previously allowed by EPA for estimation of NMOG emissions for ethanol-free certification gasoline.
• A method has been developed based on a large body of data from two test laboratories to estimate NMOG emissions on the FTP cycle when fuels containing ethanol are used. The method has been shown to estimate the composite NMOG emissions with an error of 0.0015 ±0.0074 g/mile.
• The correlation developed for estimating FTP composite NMOG emissions also provides a reasonably accurate estimate for the LA92, US06, and HFET cycles for the two vehicles that were tested using these cycles.
• Increased error relative to the measured NMOG emissions values is evident at NMOG levels below 0.010 g/mile, though the error remains comparable to higher emissions cases when examined in an absolute sense. Such low NMOG emissions levels may be achieved on the FTP in bags 2 and 3, or during other cycles such as the HFET.
• NMOG emissions estimates for eight FTP tests that were conducted using two retail fuels that were not a part of the correlation development agreed reasonably well with measured values, indicating that the correlations are valid for other ethanol-blended fuels.
• The level of error in the measurement at NMOG levels below 0.010 g/mile may be substantially influenced by measurement limitations associated with current practices in sample capture and analysis using impingers and DNPH cartridges.
